Introduction
Itaconic acid (IA) is an unsaturated dicarboxylic acid produced as a secondary metabolite by the fungal cells of Aspergillus terreus [1, 2] . It has been reported that IA is biosynthesized via decarboxylation of cis-aconitate, which is biosynthesized in the normal tricarboxylic acid cycle reactions [2] . Owing to its inherent chemical structure, demand for IA is increasing, as it has been widely used in industrial applications such as fiber, paint, cleaning products, herbicides, and even in the pharmaceutical industry [2] .
Recently, polyitaconic acid, a water-soluble polymer, has been suggested as an attractive replacement for the wellestablished petroleum-based polyacrylic acid, with a wide range of applications, including super absorbents, anti-scaling agents in water treatments, co-builders in detergents, and dispersants for minerals in coatings [1, 3] . Notably, in 2004, IA was identified by the Department of Energy of the USA as one of the top 12 value-added chemicals to be produced from biomass, based on the growing concerns regarding sustainability, environmental conservation, renewable resources, and rising energy costs [4] .
The task of improving a fungal strain is highly time-consuming due to the requirement of a large number of flasks in order to obtain a library with enough diversity. In addition, fermentations (particularly those for fungal cells) are typically performed in high-volume (100-250 ml) shake-flasks. In this study, for large and rapid screening of itaconic acid (IA) high-yielding mutants of Aspergillus terreus, a miniaturized culture method was developed using 12-well and 24-well microtiter plates (MTPs, working volume = 1-2 ml). These miniaturized MTP fermentations were successful, only when highly filamentous forms were induced in the growth cultures. Under these conditions, loose-pelleted morphologies of optimum sizes (less than 0.5 mm in diameter) were casually induced in the MTP production cultures, which turned out to be the prerequisite for the active IA biosynthesis by the mutated strains in the miniaturized fermentations. Another crucial factor for successful MTP fermentation was to supply an optimal amount of dissolved oxygen into the fermentation broth through increasing the agitation speed (240 rpm) and reducing the working volume (1 ml) of each 24-well microtiter plate. Notably, almost identical fermentation physiologies resulted in the 250 ml shake-flasks, as well as in the 12-well and 24-well MTP cultures conducted under the respective optimum conditions, as expressed in terms of the distribution of IA productivity of each mutant. These results reveal that MTP cultures could be considered as viable alternatives for the labor-intensive shake-flask fermentations even for filamentous fungal cells, leading to the rapid development of IA high-yield mutant strains.
Keywords: Itaconic acid, Aspergillus terreus, strain improvement, morphology, microtiter plate, miniature culture Recently, the need for improvement in the IA production process has been emphasized in order to bring down the cost and energy consumption so that it is more eco-friendly [3, 5] . To achieve this, the primary step required is the development of high-yielding mutant strains. In order to test the productivities of as many mutants as possible, microtiter plates (MTP) have been recommended to reduce the culture volume and space efficiently, thereby enabling researchers to handle a large number of candidate strains and to rapidly select high-yielding mutants [6] [7] [8] . To date, the MTP miniature cultivation method has been applied mainly to unicellular microorganisms such as bacteria, yeasts, and animal cells, due to easy handling of their morphologies in suspended cultures [7] . Markert and Joeris [9] demonstrated the feasibility of a fully automated MTPbased system for suspension CHO cell culture for enhanced screening and optimization applications in process development. Betts and Baganz [10] also reviewed the emerging field of miniature bioreactors (MBRs), and discussed how MBRs can be used in conjunction with automated robotic systems and other miniature process units to deliver a fully integrated, high-throughput solution for cell cultivation process development. However, the application of the MTP culture system to mycelial fungal cells such as IA-producing A. terreus is generally considered to be far more difficult. Filamentous fungi can increase the viscosity of the culture broth through the formation of hyphae, which in turn limits the mass transfer of oxygen and other essential nutrients, resulting in a considerable decrease in the metabolic activity of the producer [11] [12] [13] [14] . In conventional bioreactor fermentations, the limitation of mass transfer due to the high viscosity of culture medium can be partially overcome by increasing the agitation speed and the aeration rate, which is not generally considered to be an effective practice in the miniaturized MTP culture environment [15] [16] [17] .
It is well known that the overall morphology of a fungal culture has a considerable effect on the producers' physiology in suspended fermentations [18, 19] . In fungal cell cultures, formation of pellets or short mycelia is often favored, since in these cases, the culture broth exhibits the characteristics of Newtonian fluid, and as a result, has the advantage of increasing the mass transfer capability, especially the mass transfer coefficient of oxygen (k L a) [12, 13, 20] . However, if the pellet forms above the proper size (usually larger than 1 mm), the supply of nutrients into the pellet (including dissolved oxygen (DO)) is limited and the metabolism of cells can be rather seriously inhibited owing to the phenomenon of intraparticle diffusion resistance [12, 18] .
Thus, an optimized culture form should be induced in order to maximize the biosynthetic ability of the producing strains. However, in the MTP liquid culture process, selecting for these precise culture forms is very difficult considering the characteristics of the miniature culture, such as the small volume [21] [22] [23] [24] . For these reasons, liquid cultures for fungal strain improvement have been performed using shake-flasks with adequate culture volumes, and thus publications on miniaturized fermentations performed with mycelial fungal cells have been rather scarce [6] .
In this study, our intention was to develop an efficient 12-well or 24-well MTP-based miniature culture system aiming at significantly lowering the cost, labor, and time requirements for the screening of IA high-yielding mutant strains. Culture morphologies in the growth and the production stages were optimized separately for enhanced IA production. During the production cultures, it was found that selecting for optimum pellet size was the most important factor in maximizing the transfer rate of nutrients (including DO). Culture conditions such as inoculum size, working volume, medium composition, temperature, and agitation speed were varied to investigate their effects on the morphology of A. terreus and the productivity of IA in a series of MTP-based miniature culture experiments.
Materials and Methods

Strains and Stock Storage and Culture Media
The strain used in this study for the production of IA is A. terreus, which is a higher fungus that forms filamentous mycelia. The first parental strain used in the experiments was NRRL1960, and various mutants (NR series) were prepared through several rounds of N-methly-N'-nitro-N-nitrosoguanidine (NTG) mutation and rational screening, or random screening according to the purpose of the experiment. The strains were inoculated on potato dextrose agar (PDA) plates for spore formation and incubated at 28°C for 7 days. The spore suspension prepared by using 20% glycerol was kept at -80°C, and was used by plating 100 μl on PDA medium whenever needed. The growth medium was composed of glucose (55 g/l), yeast extract (5 g/l), NH 
Miniature and Flask Culture Conditions
The miniature cultures were performed using 12-well and 24-well MTPs (SPL Co., South Korea). The sizes of the 12-well and 24-well MTPs were the same (W × L × H = 126 mm × 84 mm × 22 mm), and the diameters of each well were 23 mm and 16 mm, respectively. For the 12-well MTP, the cultivations were performed with the working volume of 1.8-2.0 ml per well, and with 1.0-1.2 ml for the 24-well MTP. Spores of the producing strains were recovered after cultivation for 7 days at 28°C on a PDA slant using 1 ml of sterilized 20% glycerol for MTP growth cultures. Ten to twenty percent (v/v) spore suspension, inoculated on a 12-well or 24-well MTP, was grown at 28-37°C and 220-240 rpm for 2-2.5 days. Then, the fungal cells from the growth cultures were inoculated into MTP production cultures at the amounts of 20% (v/v), and grown at 28-37°C and 220-250 rpm for 3-3.5 days on a rotary shaker. All of the MTP cultures were performed in a humidity chamber (Sanyo Co., Japan), and the humidity during fermentation was maintained between 75% and 80% in order to increase the accuracy of the experiment by reducing the evaporation of culture medium from each well of the MTP.
Shake-flask cultures were also carried out to examine the physiological characteristics of the high-productivity strains screened through the MTP miniature cultures. Spores were recovered with 5 ml of 20% glycerol and were cultured at 37°C and 200 rpm for 2 days after inoculation with 5% (v/v) into 40 ml of growth medium in 250 ml flasks. The mature mycelial cells were inoculated into 40 ml of production medium in 250 ml flasks with the size of 5% (v/v) for IA production at 37°C and 230 rpm for 3 days.
Analysis
Biomass in the flask cultures was measured using its dry cell weight. After homogenous samples were attained, 20 ml of culture medium was centrifuged for 10 min at 2,500 ×g. After removing the supernatant, remaining sugars and salts were washed with distilled water, dried for 12 h at 90°C, and then measured as the dry weight. Weights were converted to the cell concentration per 1 liter. To measure the IA levels, the culture broth was centrifuged at 3,200 ×g for 10 min. Then, the supernatant was diluted with distilled water and was used as the sample for HLPC analysis after filtration using a 0.4 μm microfilter. The HPLC was operated using a Mightysil RP-18 GP column (250 mm × 4.6 mm; Kanto Chemical Co., Japan), with detection at 210 nm. The column temperature was maintained at 40°C with a mobile phase of 2% acetonitrile in 0.15% phosphoric acid flowing at a rate of 1.2 ml/min.
Mutagenesis of A. terreus Cells by NTG Treatment
For NTG treatment, the spores grown on PDA plate were harvested in distilled water containing 20% glycerol. The spores were washed twice with 0.1 M TM buffer (pH 8.6), and then diluted to 1 × 10 5 spores/ml using a hemocytometer. The samples were subjected to NTG (700-1,000 μg/ml) in sterile microtubes for mutagenesis. Then, the spores were washed twice with 0.1 M TM buffer (pH 7.2) and recovered by centrifugation at 9,000 ×g. The suspension was suitably diluted and plated on PDA medium and incubated for 2-3 days at 28°C.
Results and Discussions
Establishment of Miniature Growth and Production Culture Conditions in 12-Well Microtiter Plates
For development of an industrial strain, the most important step is to set up an effective screening method to separate desired high-yielding mutants from less productive ones after mutagenesis [23, 25] . In this study, we tried to establish a miniature culture system using a 12-well MTP (2 ml working volume per well) to quickly screen a large scale of strains. In our previous studies, it had been observed that the overall morphology of mycelial fungal cultures had considerable effects on the metabolic activity, including the productivity of secondary metabolites such as lovastatin [18, 26, 27] . Thus, we assumed that the success of MTP miniature cultures should be dependent on the morphology of the producers, which is causally related to the mass transfer efficiency of essential nutrients in the culture broth.
First, growth conditions were optimized in the 12-well MTP cultures to induce a desirable filamentous morphology. A variety of inoculum sizes were investigated for the growth cultures, which have been deemed to be one of the greatest influences on the producers' morphology in the growth stage [16, 28] . The harvested spores of A. terreus (mutant strains of NR12), which had been cultured for 7 days on PDA slants, were inoculated into the growth medium with the amounts of 10%, 15%, and 20% (v/v), respectively, and incubated at 28°C and 220 rpm for 2 days. As shown in Fig. 1 , all the cultures gave rise to pellet forms that were slightly larger than 1 mm in diameter. Since the pellet size decreased according to increase in the inoculum amount, we could confirm that the morphology was indeed influenced by the initial inoculum size. However, the inoculated spores could not be induced to filamentous forms even with the 20% inoculum size (Fig. 1) . Thus, in order to investigate the effect of medium component on the fungal morphology, a small amount (1 g/l) of a complex medium component, brown rice powder, was supplemented to the growth medium, while the inoculum size was fixed to 20%. In our previous work, this component had been proved to effectively induce filamentous forms in mycelial fungal cell fermentations [18, 23] . As manifested in Fig. 2 , the filamentous forms were successfully induced in the 12-well MTP growth cultures. This implies that some essential elements controlling the fungal morphology were supplied together with the addition of the brown rice powder, which is a complex ingredient, and the growth of cells was smoothly progressed. Notably, when the grown filamentous mycelia were transferred into the 12-well MTP production stage (15% (v/v)), loose pellets with an approximate diameter of 1 mm were formed (Fig. 2B) . To our disappointment, however, all of the strains tested showed very low IA productivities in the 12-well MTP production cultures despite the optimal morphology (an average production of 3 g/l). This IA productivity was only about 25% compared with the productivity typically observed in the 250 ml shake-flask cultures performed under the same experimental conditions (data not shown). In summary, despite being able to induce the filamentous forms in the 12-well MTP growth cultures through the control of inoculum size and the use of the modified complex medium, this benefit was negated by the reduction in IA production. It is not unusual that the productivity of many secondary metabolites is significantly affected by growth medium as well as production medium compositions [5, 19, 29] . Notably, modification of the growth medium composition alone led to an 11-fold difference in the productivity of avermectin, a secondary metabolite produced by Streptomyces avermitilis, even when other fermentation conditions were identical [17, 29] .
Subsequently, another strategy was tested for the optimization of the MTP cultures without compromising IA productivity. The effect of temperature, one of the major factors influencing secondary metabolite productivity, was examined. For this experiment, five nystatin-resistant mutants (Nys R series) derived from the parental NR12 strain were employed, incubating at 28°C and 37°C in the 12-well MTPs. In this case, the previously used brown rice powder was not supplemented to the growth medium owing to its negative effect on IA production. As shown in row 1 of Fig. 3A , pellets of approximately 1 mm in diameter were formed at 28°C. In contrast, most of the strains were induced to the filamentous forms at 37°C (row 2 in Fig. 3A) , and the overall morphology was similar to the one observed when the brown rice powder was supplemented. Using the resulting cells grown at different temperatures, the 12-well MTP production cultures were performed at 37°C and 220 rpm (inoculum size of 20% (v/v)). The cells inoculated from the 37°C growth culture condition were observed to be induced to the ideal forms, mostly consisting of pellets with diameters of less than 0.5 mm and fragmented mycelia in the MTP production cultures (row 2 in Fig. 3B) . Notably, IA productivity was observed not to be diminished (see the following section). Larger pellets (average diameter of around 2 mm) were formed during the production cultures, when the cells grown at 28°C were used as an inoculum for the production cultures (row 1 in Fig. 3B ). A similar phenotype had been observed in shake-flask fermentations for the production of lovastatin in our laboratory, another secondary metabolite also produced by the fungal cells of A. terreus. When pellet formation was induced as the producers' morphology in the growth stage, the strains were grown to yield a larger pellet size than usual (diameter of approximately 1 mm) in the final production stage, resulting in significant reduction in the productivity of lovastatin, possibly due to intraparticle diffusion resistance of the essential nutrients, including DO [16, 30] .
Comparison of IA Productivity in 12-Well MTP and Shake-Flask Cultures Since the morphology of A. terreus was successfully induced in the 12-well MTP cultures, possibly leading to enhancement in IA biosynthetic ability of the producing microorganisms, additional experiments were conducted to compare the MTP cultures with the 250 ml shake-flask cultures using another series of nystatin-resistant mutants derived from the NR12 strain. As a result of optimization of the fermentation morphology as described in the previous section, IA production was increased significantly in the 12-well MTP production cultures (Fig. 4) . Fig. 5 shows the results, where the X-axis and Y-axis represent the IA productivity of the MTP and shake-flask cultures, respectively, and each data point shows productivities of the same strain at different culture scales. Forty percent of the examined strains (8 out of 20 strains) showed scale-dependent productivity variation of less than 20% (Fig. 5) . Moreover, 67% of the top 30% IA producers identified in the MTP cultures also ranked among the top 30% for the flask cultures, occupying the shaded upper right region of Fig. 5 .
This time, the correlation between MTP and shake-flask culture productivities was further examined using daughter cells of the four highest IA-producing strains (i.e., NR38.12, NR38.18, NR38.20, and NR38.23 strains that are derived from the mother strain of NR38 without further mutagenesis) (Fig. 6) . Notably, in addition to the higher IA productivity, they showed more homogeneous IA production profiles. For example, 91.6% of the NR38.18 daughter cells showed scale-dependent productivity variation below 20% (Fig. 6B) . These results imply that the traditional flask-scale screening method for the fungal cells could be successfully scaled down. In addition, the correlation between MTP and flask culture results could be considered to be a measure of strain stability.
Establishment of 24-Well MTP Miniature Cultures of A. terreus
In order to further increase the screening throughput, we attempted to set up a miniature culture method using 24-well MTPs with the mutant strains, as specified in Fig. 7 . The same experimental conditions as for the 12-well MTP cultures were used, except for the working volume. The Each point indicates itaconic acid production by each mutant in each fermentation system. inoculum size for the production cultures was 15% (v/v) and the agitation speed was 220 rpm. The working volume was reduced to 1.2 ml in the 24-well MTP cultures and the miniature cultures were performed for 3 days. At the same time, the parallel 12-well MTP cultures were performed under the same conditions for comparison. A surprising difference in the IA productivity between the 12-and 24-well MTP cultures was observed (Fig. 7A) . Average production of IA was 18 g/l in the former cultures, whereas only 3.5 g/l in the latter, showing about a 5-fold decrease in the productivity. Notably, in the 24-well MTP cultures, 12 strains produced almost no IA, with no strain producing more than 10 g/l of IA.
Considering the susceptibility of each strain's IA production to low oxygen levels, we assumed that the limited oxygen supply, possibly caused by the decreased well size, could be the reason, thus resulting in the significant drop in IA productivity [5, 27, 31] . Accordingly, we tried to improve the oxygen mass transfer rate by increasing the rotating speed of the shaker. For the 24-well MTP cultures, the agitation speed was increased from 220 to 230 rpm for the growth cultures, and from 220 to 240 rpm for the production cultures, respectively, whereas the 12-well MTP cultures were performed under the same conditions as the previous experiments (Fig. 7B) . Other culture conditions remained the same as those of the previous 24-well MTP cultures. As a result, 23.6% of the strains (9 out of 38 strains) produced approximately 10 g/l of IA in the 24-well MTPs. Compared with 0.05% in the previous experiment, 66.6% of the strains showed a variation of scale-dependent productivity below 20%, and only four strains (10.5% compared with 25.6% in the previous experiment) did not produce IA. From these Each point indicates itaconic acid production by each mutant derived from the mother strain of NR77 in each fermentation system. 220 rpm growth culture, 220 rpm production culture, and 1.2 ml working volume in the 24-well MTP cultures; (B) 230 rpm growth culture, 240 rpm production culture, and 1.2 ml working volume in the 24-well MTP cultures; (C) 240 rpm growth culture, 250 rpm production culture, and 1.0 ml working volume in the 24-well MTP cultures.
results, it could be concluded that IA biosynthesis is vulnerable to oxygen shortage condition, and thus an optimal supply of DO should be prioritized for successful scale-down of the fungal IA fermentation process. In their studies performed with 96-well microtiter plates with integrated optical fluorophore-sensing of DO, John et al. [32] reported that k L a values were inversely proportional to the filling volume, and increase with increasing shaking intensity in optically well-defined media in bacterial C. glutamicum cultures. At the moment, however, this kind of optical DO sensor system does not appear to be applicable to our fungal MTP systems, due to the intrinsic nature of the mycelial fungal morphology and the complex medium compositions.
To further enhance the oxygen mass transfer rate, the agitation speed was increased while the working volume per well was simultaneously reduced. For the 24-well MTP cultures, the agitation speed was increased from 230 to 240 rpm in the growth cultures, and from 240 to 250 rpm in the production cultures, respectively (Fig. 7C) . The working volume per well was reduced from 1.2 to 1.0 ml, and other culture conditions, including those for the 12-well MTP cultures, remained unchanged. For about 70% of the strains examined (28 out of 40 strains), the variation of scaledependent IA productivity was less than 20%. In contrast to the previous experiments, all the strains produced IA in the 24-well MTPs and, remarkably, nine of them could produce more than 20 g/l. The facilitated oxygen mass transfer appeared to effectively improve IA production in the 24-well MTPs, resulting in a stronger productivity correlation between the two MTP culture formats (Fig. 7) . It should be noted that the A. terreus strains used in the 24-well MTP cultures were NTG mutants derived from the mother strain NR77, showing broad distributions of IA productivity (Fig. 7) . (For comparison, see Fig. 6 , whose results were obtained using the daughter strains derived from the mother strain NR38 without further mutagenesis.)
Recently, in our 5 L bioreactor studies investigating the influence of DO on IA biosynthesis, the highest production of IA (51.2 g/l) could be obtained at an agitation speed of 200 rpm and an aeration rate of 1 vvm, compared with other operating conditions (100, 150, and 250 rpm with a constant rate of 1 vvm, respectively) [33] . Under this condition, DO levels were maintained above 20% of the saturated value throughout the entire fermentation period (i.e., slightly higher than the critical DO level (10-15% in the case of filamentous fungi), below which the specific growth rate of the producing microorganisms is affected). Notably, the IA amount produced at the excessive agitation speed (250 rpm) was only 58.8%, compared with the 200 rpm culture, suggesting rather negative influences of the potential shear stress in the IA fermentation process [33] . Li et al. [34] also reported that relatively reduced DO levels (10-25% sat. DO) could increase the IA production, using recombinant cells of Aspergillus niger (N201 CAD), the strains transformed with the cis-aconitate decarboxylase gene (cadA) from A. terreus. Based on these results, it could be assumed that an optimal supply of oxygen is necessary for the efficient conversion of available sugars to IA, whereas excessive supply is inhibitory to the IA production, instead stimulating primary metabolism leading to cell growth. Fortunately, the culture conditions (i.e., inoculum size, working volume, medium composition, temperature, and agitation speed) set up in this study through a series of MTP-based miniature experiments appear to supply an optimal amount of oxygen into the fermentation broth over the whole period.
Comparison between 24-Well MTP and Shake-Flask Cultures
A comparison between the 24-well MTP and the 250 ml shake-flask cultures was made using other NTG mutant strains derived from the same mother strain as above. The working volumes were 1 and 40 ml, respectively. As can be seen in Fig. 8 , most of the data points are located near the diagonal line (Y = X), implying that, in most cases, similar IA productivities were observed irrespective of the culture scale. Ninety percent of the strains produced 15-26 g/l IA in both culture formats. Fifteen out of 19 strains showed a variation of scale-dependent productivity of less than 20%, indicating a high correlation between the data obtained from both culture formats. Four of the five strains screened for high IA productivity through 24-well MTP cultures also ranked among the top five selected by the flask-based screening (the four strains belonging to the shaded upperright region of the plot in Fig. 8 ). Based on these results, it could be concluded that the miniaturized MTP cultures reproduce the results of the conventional shake-flask cultures with a reasonably high correlation, given that they are performed under the optimal fermentation conditions. Furthermore, possible handling of a large number of strains makes the MTP culture format appropriate for early-stage screenings where the library size is relevant.
In summary, one of the most important factors in the screening strategy is to select high-yielding mutants rapidly and efficiently through liquid cultures. To achieve this, we developed 12-well (working volume of about 2 ml per well) 24-well (working volume of about 1 ml per well) MTP miniature cultivations of the IA-producing fungus A. terreus, for the purpose of replacing the conventional shake-flask cultures. The results show that the MTP-based miniaturization could be applied not only to bacterial cell cultures, but also to fungal cell fermentations where morphology control is more challenging. First, we investigated the effect of culture conditions (inoculum size, working volume, medium composition, culture temperature, and agitation speed) on the morphology and IA productivity of A. terreus strains grown in the MTPs. Through the optimization process, they showed morphologies appropriate for IA production in the MTPs (i.e., filaments and loose pellets in the growth and in the production cultures, respectively). The IA productivity observed in the 12-well MTP cultures was similar to that of the 250 ml shake-flask cultures, showing higher correlation and throughput necessary for successfully scaling down the fermentations. It was found that further reduction in the culture volume (to the 24-well MTP) requires more rigorous agitation so as not to limit the oxygen supply. Under properly agitated conditions, the 24-well MTP cultures successfully reproduced the larger scale experiments without productivity loss. Furthermore, the productivity correlation between the 24-well MTP and the 250 ml shake-flask cultures was high, so the IA overproducers identified in the miniaturized culture format showed high productivities in the shake-flasks as well. Therefore, it was concluded that the MTP-based miniaturized culture system can replace the conventional methods that rely on massive shake-flask cultures during the fungal strain improvement process. Each point indicates itaconic acid production by each mutant derived from the mother strain NR77 in each fermentation system (240 rpm growth culture, 250 rpm production culture, and 1.0 ml working volume in the 24-well MTP cultures).
